Altered pyroclastic (tephra) deposits are highly susceptible to landsliding, leading 13 to fatalities and property damage every year. Halloysite, a low-activity clay mineral, is 14 often associated with landslide-prone layers within altered tephra successions, especially 15 in deposits with high sensitivity, which describes the post-failure strength loss. However, 16 the precise role of halloysite in the development of sensitivity, and thus in sudden and 17 unpredictable landsliding, is unknown. Here we show that an abundance of mushroom-18 cap-shaped (MCS) spheroidal halloysite governs the development of sensitivity, and 19 hence proneness to landsliding, in altered rhyolitic tephras, North Island, New Zealand. 20
side. We suggest that short-range electrostatic and van der Waals' interactions enabled 23 the MCS spheroids to form interconnected aggregates by attraction between the edges of 24 numerous paired silanol and aluminol sheets that are exposed in the openings and the 25 convex silanol faces on the exterior surfaces of adjacent MCS spheroids. If these weak 26 attractions are overcome during slope failure, multiple, weakly-attracted MCS spheroids 27 can be separated from one another and the prevailing repulsion between exterior MCS 28 surfaces results in a low remolded shear strength, a high sensitivity, and a high propensity 29 for flow sliding. The evidence indicates that the attraction-detachment model explains the 30 high sensitivity and contributes to an improved understanding of the mechanisms of flow 31 sliding in sensitive, altered tephras rich in spheroidal halloysite.
INTRODUCTION 33
Most East Asian and western Pacific countries are located in tectonically active, 34 high-rainfall areas where landslides are a major natural hazard. These landslides are 35 typically triggered by rainstorms or earthquakes, and are responsible for fatalities and 36 enormous property damage every year. Many destructive landslides have occurred in 37 pyroclastic deposits in Japan, Indonesia, Hong Kong, and New Zealand (Chau et al., 38 of pyroclastic material in Japan (Tanaka, 1992) and New Zealand (Smalley et al., 1980) . 48 Smalley et al. (1980) linked a high content of spheroidal halloysite to high sensitivity. 49
Sensitivity refers to the post-failure strength loss in the failure zone during landsliding, 50
and is quantified in the laboratory as the ratio of the undisturbed to remolded undrained 51 shear strength at the same water content (Terzaghi, 1944) . High sensitivities were first 52 described for post-glacial, brackish and marine clayey sediments in the Northern 53
Hemisphere (Skemption and Northey, 1952) that are subject to landslides with 54 dimensions and long runout distances difficult to predict. In this study, we investigate 55 processes that have led to high sensitivity in halloysite-rich pyroclastic materials in order 56 to improve landslide-hazard evaluation. 57
Much of the central part of New Zealand's North Island is covered by thick 59 rhyolitic tephras (Lowe, 2011) highly sensitive clay-rich layer which failed in 1979 (Fig. 1C) , having high porosity and 78 high natural water content (Smalley et al., 1980) . 79
METHODS

80
We performed laboratory vane shear tests on samples from the Pahoia Tephra 81 sequence and Hamilton Ash beds to measure the sensitivity S: 82
where the undisturbed strength (su) was measured on the intact surface of the split 84 core, and the remolded strength (sr) was measured on core samples with the same water 85 content, which have been kneaded by hand for 10 min (Jacquet, 1990) . Halloysite 86 concentration in bulk samples was measured by X-ray diffraction (XRD) using a Philips 
HIGHLY SENSITIVE SLIDE-PRONE LAYER DOMINATED BY SPHEROIDAL 99
HALLOYSITE 100
The sensitivity is low in the upper Pahoia Tephras, especially in the paleosols P2 101 and P3 ( Fig. 2A, B) . However, the sensitivity tends to increase with depth, reaching 102 values of 1520 in the lower Pahoia Tephras. The highest sensitivity (Rosenqvist, 1953 ) 103 of S = 55, and the lowest remolded shear strength within the profile of sr = 1.4 kPa, were 104 measured in the white, highly sensitive layer at 23 m depth. 105
The upper Pahoia Tephras have a halloysite content of 1020 wt.%, and are 106 comprised almost entirely of tubular halloysite (Fig. 2C, D) . The lower Pahoia Tephras 107 have 4050 wt.% halloysite comprising mostly spheroidal particles. In the highly 108 sensitive layer, 76% of the halloysite is spheroidal, and the spheroid sizes are greater than 109 those in the surrounding layers (Fig. 2D) . The 3D line plot reveals a clear correlation 110 between high sensitivities and high halloysite bulk concentration, and a high content of 111 spheroids with large diameters (Fig. 2F) . The high sensitivity is associated with lowPublisher: GSA Journal: GEOL: Geology DOI:10.1130/G38560.1
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We found that deposits with high tubular halloysite content hampered sensitivity 114 development, whereas halloysite spheroids facilitate sensitivity and dominate the highly 115 sensitive layer at 23 m depth within the lower Pahoia Tephras. The highly sensitive layer 116 has low remolded shear strength consequent after failure, which, together with its high 117 water content (Smalley et al., 1980) , partly contributed to the long runout distance of the 118 flow slide at Omokoroa. 119
NEW HALLOYSITE MORPHOLOGY 120
We present here first observations of a previously unreported halloysite particle 121 morphology that is visible in the SEM images of the remolded halloysite fabrics of the 122 highly sensitive layer. In the undisturbed state, the spheroidal halloysites are distinctly 123 aggregated into networks of well-connected particles (Fig. 3E, F) . After remolding, 124 however, most of the aggregates have broken apart into small, loose clusters or individual 125 halloysite particles that are typically ~250-400 nm in diameter (Fig. 3G, H) . Individual 126 spheroids have distinctive 'deformities' in the form of openings ~80-160 nm in diameter 127 on one side. These openings were previously hidden by contact with other spheroids. The 128 deformities give the particles an ovate "mushroom-cap" appearance. Point-counting 129 individual mushroom-caps in both undisturbed (aggregated) and remoldedPublisher: GSA Journal: GEOL: Geology DOI:10.1130/G38560.1
Page 7 of 14 highly sensitive slide-prone layer, we hypothesize that this unique particle shape controls 137 the mechanical behavior of halloysite clays. 138
Halloysite is composed of an Al-octahedral (aluminol) sheet with a net positive 139 charge and a Si-tetrahedral (silanol) sheet with a net negative charge at pH values 140 between ~2 and ~8 (Fig. 3I) spheroid, the outermost silanol surface carries a net negative charge and hence the 150 electrostatic interactions between individual spheroids would be repulsive (Fig. 3I ). Our 151 study shows, however, a halloysite structure where both silanol and aluminol layers are 152 exposed at spheroid openings and therefore charges within the openings would 153 correspondingly be weakly positive or neutral overall (Fig. 3J) , as indicated from charge 154 density-functional tight-binding modeling applied to halloysite nanotubes (Guimarães et 155 al., 2010) . If sufficient numbers of positively charged openings are exposed, the 156 electrostatic interactions between them and the negative exterior silanol surfaces would 157 allow the mushroom-cap-shaped spheroids to form stacked aggregates (Fig. 3K) . If the 158 paired silanol and aluminol sheets exposed in the openings are neutral overall, then a netPublisher: GSA Journal: GEOL: Geology DOI:10.1130/G38560.1
Page 8 of 14 increase in particle attraction will still occur because electrostatic repulsion is reduced 160 and the larger contact areas lead to higher van der Waals' forces (Israelachvili, 2011) . 
CONCLUSIONS 178
We investigated a sequence of altered, rhyolitic Quaternary tephras in New 179
Zealand, and the reasons why a landslide-prone layer dominated by spheroidal halloysite 180 was highly sensitive. We explain this high sensitivity with an electrostatic attraction 
